Carbohydrates (2-deoxyribose, ribose, and xylose) and nucleotides (adenosine-, cytidine-, guanosine-, and uridine-5 -monophosphate) are generated in the gas phase, and ionized with vacuum ultraviolet photons (VUV, 118.2 nm). The observed time of flight mass spectra of the carbohydrate fragmentation are similar to those observed [J.-W. Shin, F. Dong, M. Grisham, J. J. Rocca, and E. R. Bernstein, Chem. Phys. Lett. 506, 161 (2011)] for 46.9 nm photon ionization, but with more intensity in higher mass fragment ions. The tendency of carbohydrate ions to fragment extensively following ionization seemingly suggests that nucleic acids might undergo radiation damage as a result of carbohydrate, rather than nucleobase fragmentation. VUV photoionization of nucleotides (monophosphate-carbohydrate-nucleobase), however, shows that the carbohydrate-nucleobase bond is the primary fragmentation site for these species. Density functional theory (DFT) calculations indicate that the removed carbohydrate electrons by the 118.2 nm photons are associated with endocyclic C-C and C-O ring centered orbitals: loss of electron density in the ring bonds of the nascent ion can thus account for the observed fragmentation patterns following carbohydrate ionization. DFT calculations also indicate that electrons removed from nucleotides under these same conditions are associated with orbitals involved with the nucleobase-saccharide linkage electron density. The calculations give a general mechanism and explanation of the experimental results. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Photoionization of biological molecules often leads to extensive fragmentation of the molecular ions. [1] [2] [3] [4] [5] [6] [7] [8] [9] In particular, studies [10] [11] [12] [13] [14] [15] strongly support the idea that radiation induced damage of DNA and RNA molecules can be accounted for by the fact that carbohydrates, which are constituents of the nucleic acid molecules, are highly susceptible to molecular fragmentation by high energy particles and radiation. The dominant carbohydrate ionization products are fragment ions only, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and intact molecular ions are rarely observed. Our group has recently carried out an investigation 8 of extreme ultraviolet (EUV, 46.9 nm, 26.44 eV) ionization and fragmentation behavior of carbohydrate molecules in the gas phase. The study shows that carbohydrates undergo complete fragmentation upon photoionization at this energy, and unlike many biological molecules, the ion state behavior does not depend on their conformations despite the presence of a highly complex intramolecular hydrogen bonding network. A possible reason for this fragmentation behavior is that EUV photons ionize inner valence endocyclic C-C and C-O bonds, which are not involved in intramolecular hydrogen bonding interactions.
In the current study, we carry out photoionization mass spectrometry for the carbohydrates 2-deoxyribose, ribose, and xylose using vacuum ultraviolet (VUV, 118. dent ionization, and the fragmentation patterns of these three molecules. The VUV photon energy is near the ionization threshold 9 of carbohydrates. Single photon ionization at 10.49 eV thus ensures that only the highest occupied molecular orbitals (HOMOs) for each carbohydrate, and those orbitals that are energetically close to these will be ionized. The experiment is extended to the nucleotides adenosine-, cytidine-, guanosine-, and uridine-5 -monophosphate to gain insight into the cause and mechanism of radiation damage of nucleic acids. By studying carbohydrates and nucleotides separately, one can, in principle, determine the component of DNA and RNA that is responsible for nucleic acid radiation sensitivity and ensuing damage. Chemically modified nucleotides have previously been generated 18 in the gas phase through laser desorption; however, to the best of our knowledge, the current study involves the first experiment in which unlabeled, isolated nucleotides are prepared in the gas phase through a similar technique. Density functional theory calculations are also employed for analysis of experimental findings. and U5MP are purchased from Sigma-Aldrich, A5MP and G5MP are purchased from Alfa Aesar, and 1,2-13 C 2 -xylose is purchased from Omicron Biochemicals. The nucleotides are stored in a dry ice container prior to use to prevent sample degradation. Each saccharide is mixed and ground with rhodamine 6G (R6G) matrix, and the powder mixture is applied on a tape attached on a drum. Due to small quantities available, each nucleotide sample is dissolved with the R6G matrix in a weakly acidic methanol solution, and the solution is sprayed onto the drum in the form of fine mist. The solvent is evaporated using a halogen lamp as the solution is being sprayed. A motor attached to the front of a Jordan Co. pulse valve rotates and translates the drum so that fresh sample powder is gently desorbed by each 532 nm laser pulse. [19] [20] [21] [22] [23] In particular, use of the R6G matrix has been demonstrated [18] [19] [20] [21] [22] to be a very effective approach for desorbing and vaporizing molecules without fragmentation. The desorbed sample is carried to the ionization region of a time of flight (TOF) mass spectrometer using supersonic expansion of He gas (40 psi backing pressure), and is collimated by a skimmer with the aperture diameter of 1 mm. The base pressure of the mass spectrometer is in the ∼9 × 10 −8 -1 × 10 −7 Torr range with the liquid N 2 cooled photoionization region.
II. EXPERIMENTAL PROCEDURES
Ionization of the jet cooled samples is carried out with VUV photons (118.2 nm, 10.49 eV). As described previously, 3, 24 the ninth harmonic of the Nd:YAG fundamental (1064 nm) is generated through the excitation of Xe gas in a 1:10 Xe/Ar mixture using the third harmonic (355 nm) of the fundamental with the conversion efficiency of 1.2 × 10 −5 . 25 A MgF 2 lens tightly focuses the VUV photons on the ionization spot, but diffuses the nearly collinear 355 nm. The energy of the VUV laser at the ionization spot (∼0.1 mm) is ∼1 μJ/pulse (∼10 12 photons/pulse in 10 ns): under these conditions, only single photon ionization can be expected. 26, 27 VUV ionization of laser desorbed pure R6G is also carried out to verify that all assigned peaks are ionization products of the samples and not of the matrix.
III. COMPUTATIONAL METHODS
Calculations are performed using the GAUSSIAN 09 software package 28 (at Governors State University). Structure optimization and harmonic vibrational frequency analysis of carbohydrates are carried out at the X3LYP/6-311G(d,p) theory level, and those of nucleotides are carried out at the X3LYP/Gen level using 6-31G for C atoms and 6-31G(d) for H, N, O, and P atoms. Force constants are calculated for all initial geometries. The more commonly used B3LYP method is specifically avoided because it does not predict the observed cyclic carbohydrate structure (β-pyranose form) to be the global minimum. 29 A proper description of dispersion interaction is important for density functional theory studies of carbohydrate structures, 29 and the X3LYP extended hybrid method has been shown 30 to describe the interaction effectively.
Converged third order pole ionization energies of different molecular orbitals are calculated with the partial third order electron propagator theory method 31, 32 EPT = P3/6-311G(d,p) using structures optimized as described above.
IV. RESULTS AND DISCUSSION

A. VUV ionization of carbohydrates
The measured vertical ionization energy of 2-deoxyribose, the carbohydrate group in DNA, is in the 9.6-10 eV range, 9 which is near the VUV photon energy of 10.49 eV. Figure 1 (a) presents 2-deoxyribose VUV ionization results, along with our previous EUV ionization result 8 shown in Figure 1 (b) for comparison (data in Figure 1 (b) are directly adopted from Ref. 8). Ionization using the two lasers yields similar fragment ions, with VUV ionization preferentially generating larger concentrations of the same high mass ions. No parent molecular ion is observed for EUV ionization: low mass ions are prevalent in the EUV mass spectrum, but some of these (e.g., m/z = 16, 28, 44) may well be background enhanced (O 2 + , N 2 + , or CO 2 + ). A similar pattern is also observed for protonated oligonucleotides, 33 which generate lower mass ions with increasing ionization energies as core orbitals are ionized. The observed ions in both mass spectra are assigned 8 as EUV ionization can result in more extreme fragmentation than can VUV ionization, because EUV ionization can, in principle, leave more energy in the nascent ion than can VUV ionization. EUV ionization may remove an electron from much more strongly bonded orbitals: the excess photon energy following either ionization method is generally removed as photoelectron kinetic energy, as observed in photoelectron spectroscopy and laser ionization time of flight mass spectrometry studies. [34] [35] [36] [37] [38] [39] [40] The EUV created nascent ion, therefore, can potentially have more internal energy than the VUV created ion due to the ionization of deeper lying orbitals, in which electrons are bound with greater energies than in the outermost valence orbital. The ion can directly fragment from this state, relax to lower energy ion states D i , or relax to the ground ion state D 0 , and then use the created vibrational excitation to break chemical bonds. One can view this situation in the same manner as is relevant for the photochemistry of any organic molecule. The excited states are all coupled through conical intersections, and ultrafast internal, non-Born Oppenheimer vibronic dynamics can ensue to bring the highly excited ion through the various ion states, D n to D 0 , conserving energy, and following the minimum energy reaction coordinate. [41] [42] [43] Depending on the multidimensional potential energy surface topographies encountered during this process, the ion can fragment through many different conical intersections, transition states, and reaction channels. [44] [45] [46] We have shown in many instances [47] [48] [49] [50] that the EUV and VUV generated TOFMS can be either nearly identical or different, depending on the molecule and cluster specific orbital cross sections for ionization. Clearly with regard to carbohydrate ionization, these two photon energies can deposit different amounts of energy (associated with different orbital ionizations) into the nascent ion. Figure 2 presents VUV ionization mass spectra of ribose, the carbohydrate group in RNA, and the previous EUV ionization results 8 for comparison (data in Figure 2 (b) are directly adopted from Ref. 8) . As in the case of 2-deoxyribose, similar fragment ions are observed, with the VUV radiation leading to less extensive fragmentation and preferentially generating high mass ions. + ). The current results show that the ribose molecule is also very susceptible to bond dissociation and fragmentation near the ionization threshold.
The highly symmetric nature of carbohydrate structures complicates fragment ion identification, and thus fragment channel and fragment mechanism identification, due to mass degeneracies, as shown in Figure 3 . For example, in the case of a pentose, at least four possible fragmentation pathways can result in the formation of ions with m/z = 60 (C 2 H 4 O 2 + ); assigning the ion to a specific fragment pathway is not possible without additional information. Similar difficulties are also shown in previous studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] on interactions between high energy particles and 2-deoxyribose, in which the molecular ion undergoes fragmentation and yields ions with various fragmentation pathways involving bond rearrangements, intramolecular proton or hydrogen transfer, and dehydration. While the exact fragmentation pathways remain somewhat ambiguous, suggested 8, 9, 12, 14-17 identities of fragment ions are nearly identical regardless of the ionization method, implying that upon removal of an electron, the molecular ion follows specific relaxation pathways that lead to bond dissociation. For example, dehydration of the 2-deoxyribose molecular ion is observed from other reported ionization studies using VUV, 8, 9, 15 H + /He + , 13 and electron 17 sources, and is also observed for ribose in the current study. Similar observations and challenges are presented in Figure 4 for another carbohydrate, xylose. One can infer from inspection of the fragment structures of ribose, xylose, and of 2-deoxyribose the following general ideas: (1) nearly all fragmentation pathways involve endocyclic C-C and C-O bond dissociation and (2) the fragmentation pathways are independent of -OH group orientations and intramolecular hydrogen bonding interactions arising therefrom. The latter point is clear because the C-C and C-O bonds are not involved in the hydrogen bonding network. This is evidenced by the similarity in the two carbohydrate VUV ionization products. Some of the possible fragmentation pathways can be ruled out by lifting fragment ion mass degeneracies through H, C, or O atom isotopic substitution. Recent isotopic substitution 12 and carbon extraction 16 studies reveal that while nearly all chemical bonds in 2-deoxyribose are prone to dissociation following ionization, certain fragmentation pathways are clearly favored over others. The studies show that chemical bonds at the C5 location most easily undergo dissociation, and complete active space 8 and coupled cluster compared in Figure 4 . A shift of (m/z) = 1 or 2 is observed for all fragment ion peaks; while the double isotopic substitution alone does not unambiguously assign all fragment ions, fragmentation pathways suggested in Figure 5 show that every endocyclic bond is involved in at least one pathway for the generation of major ion peaks, with the exception of the C5-O bond. DFT calculations are employed to generate an understanding of the reaction channels for ribose and xylose fragmentation. Computational studies suggest that ionization energy calculations performed on DFT optimized structures [51] [52] [53] are highly effective in predicting HOMOn ionization energies, but calculations for MP2 optimized structures 54 are more accurate for HOMO ionization energies. In order to benchmark the two methods, we employ EPT = P3/6-311G(d,p) converged third order pole calculations on X3LYP/6-311G(d,p) and MP2/6-311G(d,p) optimized tetrahydropyran, which constitutes the cyclic backbone of carbohydrates, and compare the results to experimental 55 HOMO and HOMO-n ionization energy values (supplementary material). 56 The comparison shows that the DFT and ab initio results are nearly identical, and that both are in excellent agreement with observations. These and previous orbitals to be mostly either on the hydroxyl O or endocyclic O atoms and removal of a nonbonding lone pair electron is the most probable ionization process, but calculations show that the three orbitals are in fact distributed over the entire molecular structure on the endocyclic C-C and C-O bonds with much less significant contribution from the aforementioned hydroxyl O atoms. Thus, as VUV photons remove electrons from C-C and C-O bonds (and not the O atom lone pairs), the bonds become unstable and break, as observed. Note that none of the three molecular orbitals in question locate electron density on the C5-O bond for either ribose or xylose, suggesting that this bond is not accessed by the VUV photons and thereby weakened.
Our finding is consistent with a recent ab initio result, 9 which shows that removal of an electron from bonding σ orbitals weakens the endocyclic C-C chemical bonds in 2-deoxyribose and results in molecular ion fragmentation. Our previous 8 study shows that the energy difference between the Franck-Condon ion and adiabatic ion is less than a typical C-C bond strength. This implies 8 that fragmentation of a 2-deoxyribose following ionization is the result of electronic predissociation of the Franck-Condon ion during relaxation to the adiabatic state. Also, the OH group orientation has little effect on the shape and ordering of the endocyclic chemical bonds, which makes the carbohydrate fragmentation pathways independent of the intramolecular hydrogen bonding network.
B. VUV ionization of nucleotides
As mentioned above, the propensity of carbohydrate ions to fragment has been considered [10] [11] [12] [13] [14] [15] as evidence for the idea that radiation damage to DNA and RNA molecules is a consequence of the carbohydrate group undergoing facile fragmentation when exposed to ionizing photons. Since DNA and RNA strand backbones are composed of the carbohydrate molecule linked to nucleobase and phosphate groups, ionization induced carbohydrate fragmentation would certainly lead to nucleic acid radiation damage. , respectively. Thus, the nucleotides lose both PO 4 and sugar groups upon ionization. This is an interesting result: the primary fragmentation sites are not in the carbohydrate group that tends to undergo extensive fragmentation, but at the carbohydratenucleobase linkage. Similar behavior is found from a low energy electron impact study 58 of solid phase thymidine (deoxyribosylthymine), which generates the nucleobase thymine following irradiation, and also from a collision activated dissociation study 59 of protonated heterodinucleotide, in which hydrogen transfer to the nucleobase group was observed. The present result implies that direct radiation damage primarily involves formation of stable nucleobase molecular ions through the carbohydrate-nucleobase C α -N bond dissociation, which is likely accompanied by a hydrogen transfer from the acidic phosphate group to the basic nucleobase N atom. Molecular structures and orbitals of the four nucleotides calculated at the X3LYP level are shown in Figure 8 . Outer valence orbitals HOMO, HOMO-1, . . . , HOMO-n primarily concentrate electron density on the π electron system of the nucleobase group with lesser contribution from the carbohydrate group. The EPT = P3/6-311G(d,p) level of theory can be employed to calculate accurately the ionization energy of each orbital. Application of this method to large molecules, such as the nucleotides, is not practical with our computational resources, however. Considering the current result that fragmentation involving the phosphate group is minimal, and that the P3 ionization energies of phosphoric acid (H 3 PO 4 ) exceed 11.5 eV, model systems are used to calculate ionization energies in which the phosphate-methyl (H 2 PO 4 -CH 2 ) group in each optimized nucleotide structure is replaced with a H atom. The model system structures are not reoptimized to preserve the original carbohydrate and nucleobase parameters.
The next lowest orbital, HOMO-(n-1), for each species is located on the phosphate group and thus it is not shown in Figure 8 . The P3 ionization results show that VUV photons have sufficient energy to ionize any of these nucleobase orbitals. These orbital energy estimates and electron distributions suggest two physical mechanisms for nucleotide fragmentation upon exposure to high energy radiation: (1) ionization of the carbohydrate group is masked due to the presence of the nucleobase group with a lower ionization energy, as evidenced by the weak intensity peaks in the m/z = 40-100 region in the mass spectra and (2) formation of nucleobase molecular ions through the C α -N bond dissociation involves ionization of the π electron system followed by a H atom transfer. J. Chem. Phys. 140, 044330 (2014) FIG. 8. X3LYP/Gen structures and molecular orbitals of (a) A5MP, (b) C5MP, (c) G5MP, and (d) U5MP. 6-31G is used for C atoms, and 6-31G(d) is used for H, N, O, and P atoms. The ionization energies are calculated at the EPT = P3/6-311G(d,p) level using structures in which the phosphate-methyl (H 2 PO 4 -CH 2 ) group is replaced with a H atom. The HOMO, HOMO-1, and HOMO-2, . . . , HOMO-n are primarily concentrated on the nucleobase π system. For each nucleotide, the HOMO-(n-1) (not shown) is located on the phosphate group. HOMO = highest occupied molecular orbital.
V. CONCLUSIONS
VUV photoionization of chemically unmodified, isolated carbohydrates and nucleotides in the gas phase is accomplished and detected through single photon ionization and time of flight mass spectrometry. Mass analysis shows that all carbohydrates studied undergo extensive fragmentation even for near threshold ionization, suggesting that their molecular ions are intrinsically unstable. DFT calculations show that the HOMOs and energetically closely lying orbitals are distributed over the entire endocyclic chemical bonding system. These bonds weaken upon ionization and the saccharide molecular ion can readily dissociate. While these results suggest that radiation damage of nucleic acids is related to the inherent instability of the carbohydrate groups, VUV ionization of nucleotides indicates that the most accessible fragmentation pathway involves the carbohydrate-nucleobase bond dissociation. The current photoionization study and previous low energy electron impact study 58 strongly imply that DNA and RNA damage primarily involves ionization of the nucleobase group followed by phosphate-carbohydrate-nucleobase bond dissociation, and subsequent fragmentation of the carbohydrate group. Under VUV irradiation, neutral nucleotides and protonated oligonucleotides 33 fragment by very different mechanisms and into different components of the carbohydrate and phosphate moieties: nonetheless, they both generate stable nucleobase moieties.
A true sense of the dynamics and the mechanisms of these excitation, ionization, and fragmentation processes must rely on more sophisticated and comprehensive multireference calculations (e.g., CASSCF and CASPT2), nonBorn Oppenheimer interactions between the many potential energy surfaces involved, and a thorough search for conical intersections coupling these various processes. 
